␤-Arrestins, originally discovered to desensitize activated G protein-coupled receptors, (aka seven-transmembrane receptors, 7TMRs) also mediate 7TMR internalization and G protein-independent signaling via these receptors. More recently, several regulatory roles of ␤-arrestins for atypical 7TMRs and non-7TM receptors have emerged. Here, we uncover an entirely novel regulatory role of ␤-arrestins in crosstalk between the angiotensin receptor (AT1aR) and a member of the transient receptor potential (TRP) ion channel family, TRPV4. AT1aR and TRPV4 form a constitutive complex in the plasma membrane, and angiotensin stimulation leads to recruitment of ␤-arrestin 1 to this complex. Surprisingly, angiotensin stimulation results in ubiquitination of TRPV4, a process that requires ␤-arrestin 1, and subsequently to internalization and functional down-regulation of TRPV4. ␤-Arrestin 1 interacts with, and acts as an adaptor for AIP4, an E3 ubiquitin ligase responsible for TRPV4 ubiquitination. Thus, our data provide the first evidence of a functional link between ␤-arrestins and TRPV4 and uncovers an entirely novel mechanism to maintain appropriate intracellular Ca 2؉ concentration to avoid excessive Ca 2؉ signaling.
␤-Arrestins, originally discovered to desensitize activated G protein-coupled receptors, (aka seven-transmembrane receptors, 7TMRs) also mediate 7TMR internalization and G protein-independent signaling via these receptors. More recently, several regulatory roles of ␤-arrestins for atypical 7TMRs and non-7TM receptors have emerged. Here, we uncover an entirely novel regulatory role of ␤-arrestins in crosstalk between the angiotensin receptor (AT1aR) and a member of the transient receptor potential (TRP) ion channel family, TRPV4. AT1aR and TRPV4 form a constitutive complex in the plasma membrane, and angiotensin stimulation leads to recruitment of ␤-arrestin 1 to this complex. Surprisingly, angiotensin stimulation results in ubiquitination of TRPV4, a process that requires ␤-arrestin 1, and subsequently to internalization and functional down-regulation of TRPV4. ␤-Arrestin 1 interacts with, and acts as an adaptor for AIP4, an E3 ubiquitin ligase responsible for TRPV4 ubiquitination. Thus, our data provide the first evidence of a functional link between ␤-arrestins and TRPV4 and uncovers an entirely novel mechanism to maintain appropriate intracellular Ca 2؉ concentration to avoid excessive Ca 2؉ signaling.
G protein-coupled receptors, also known as seven-transmembrane receptors (7TMRs), 4 constitute the largest family of cell surface receptors in the human genome (1) . They mediate a wide range of cellular and physiological responses upon activation by different stimuli (2) . To avoid harmful effects of sustained signaling and to exert tight regulation, cells have evolved several different mechanisms for down-regulating these receptors (3) . For example, upon activation by an agonist, 7TMRs are phosphorylated by G protein-coupled receptor kinases followed by recruitment of ␤-arrestins. This receptor-␤-arrestin interaction sterically hinders further G protein coupling and thus terminates the G protein-dependent cellular responses, leading to receptor desensitization (4) . Subsequently, the activated receptors are internalized and targeted either for degradation or for recycling back to the cell surface (5) . ␤-Arrestins, originally discovered in the context of receptor desensitization, have more recently emerged as key players in almost every aspect of 7TMR function and regulation. For example, they not only mediate 7TMR internalization by acting as adaptors for several key proteins involved in clathrin-mediated endocytosis but also mediate G protein-independent signaling via these receptors (6) . Moreover, ␤-arrestins also act as adaptors for E3 ubiquitin ligases to mediate 7TMR ubiquitination and degradation (6) . Somewhat surprisingly, ␤-arrestins were also found to interact with and regulate atypical 7TMRs such as Smoothened (7) and Frizzled (8) and non-7TM receptors such as the insulin like growth factor 1 receptor (IGF-1R) (9) and type III transforming growth factor-␤ receptor (TGF-␤ RIII) (10) . These previously unanticipated functional capabilities of ␤-arrestins hint at much broader roles of ␤-arrestins in cellular signaling and clearly demand more in depth investigation. To better understand their functional and regulatory roles in cellular processes, we recently carried out a global interactomics screen using a shotgun proteomics approach to generate an extensive list of putative interaction partners of ␤-arrestins (11) . Among a small number of non-receptor membrane proteins such as ion channels and transporters present in this screen, we surprisingly identified a transient receptor potential (TRP) channel TRPV4 as a specific interacting partner of ␤-arrestins in response to angiotensin stimulation.
TRP channels are a family of non-selective cation channels permeable to Na ϩ , Ca 2ϩ , and Mg 2ϩ , and they mediate numerous cellular and physiological processes (12) . TRP channels are ubiquitously expressed, and they are activated and regulated by a wide array of external stimuli such as chemicals, temperature, mechanical and osmotic stress, and intracellular signals such as phosphorylation and ubiquitination (12, 13) . TRPV4 is a member of the vanilloid subfamily of the TRP channel family and is widely expressed in the central nervous system as well as the peripheral nervous system, cardiovascular tissues, epithelial cells such as keratinocytes, bronchial, and renal epithelia, mesenchymally derived cells such as skeletal (chondrocytes, osteoclasts, and osteoblasts), and endothelial cells (14, 15) . TRPV4 is activated in response to moderate heating, hypotonic stress, and phorbol ester. Mice lacking TRPV4 exhibit reduced defense to systemic osmotic stress, reduced sensation of noxious mechanical stimuli, reduced inflammatory and neuropathic pain, and deficits in thermal preference and vascular, skin, gall, and urinary bladder regulation (16 -24) . Moreover, TRPV4-mediated entry of Ca 2ϩ in endothelial cells appears to be critical for steady state production of nitric oxide and vasoconstriction and vasodilatation of peripheral blood vessels (25) (26) (27) (28) . Additionally, activators of TRPV4 also appear to influence vascular tone (29, 30) . Interestingly, signaling via AT1aR has been shown to be involved in regulation of vasoconstriction, cardiac contractility, central osmocontrol and extracellular matrix formation, cardiac hypertrophy, and vascular smooth muscle cell proliferation (31) . ␤-Arrestin-dependent signaling via AT1aR and ␤-arrestin-mediated transactivation of EGF receptor are also known to be critically involved in cardiovascular regulation (32, 33) . This intriguing physiological convergence of TRPV4, AT1aR, and ␤-arrestin functions prompted us to explore the consequences of the interaction between TRPV4 and ␤-arrestin. In this study, we set out to investigate the interaction of ␤-arrestins with TRPV4 upon stimulation of AT1aR and the functional implications of this novel interaction.
EXPERIMENTAL PROCEDURES
Plasmids and Reagents-HA-AT1aR and Myc-AIP4 constructs have been described previously (34, 35) . FLAG-TRPV4 construct was generated by subcloning the TRPV4 coding sequence in the pcDNA 3.0 vector using standard subcloning procedure. Chemically synthesized, double-stranded siRNAs with 19-nucleotide duplex RNA and 2-nucleotide 3Ј-dTdT overhangs (or 17-nucleotide duplex RNA without 2-nucleotide 3Ј-dTdT overhangs) were purchased from Dharmacon (Lafayette, CO) in deprotected and desalted forms. The sequences of siRNAs used in this study are presented here: control, 5Ј-UUCUCCGAACGUGUCACGU-3Ј; human ␤-arrestin 1, 5Ј-AAAGCCUUCUGCGCGGAGAAU-3Ј (start position 439) (36); human ␤-arrestin 2, 5Ј-AAGGACCGCAAAGUGUUU-GUG-3Ј (start position 201) (36); rat ␤-arrestin 1, 5Ј-AGC-CUUCUGUGCUGAGAAC-3Ј (start position 431) (37); rat ␤-arrestin 2, 5Ј-GGACCGCAAAGUGUUUGUG-3Ј (start position 150) (37); AIP4-1, 5Ј-GGUGACAAAGAGCCAACA-GAG-3Ј (38); AIP4-2, 5Ј-CAGCAAAACUUAAGGAAAA-3Ј (start position 2610); AIP4-3, 5Ј-GAGCAAUGGACCACA-GAAA-3Ј (start position 649).
The following antibodies were used: rabbit polyclonal anti-␤-arrestins A1CT and A2CT (1:1000 for IP, 1:3000 for IB), polyclonal goat anti-TRPV4 (1:500 -1:1000 dilution for IB, 1:200 for immunostaining) (Santa Cruz Biotechnology), polyclonal rabbit anti-TRPV4 (1:500 -1:1000 dilution for IB, 1:500 for IP) (Alomone Labs), mouse monoclonal anti-AIP4 (1:200 for IB) (BD Biosciences), mouse monoclonal anti-␤-arrestins (1:500 for IP and IB, 1:200 for immunostaining) (BD Biosciences), mouse monoclonal P4D1 anti-ubiquitin (1:200 for IB) (Santa Cruz Biotechnology), mouse monoclonal anti-FLAG (1:3000 for IB) (Sigma), and mouse monoclonal and rabbit polyclonal anti-HA antibodies (1:1000 for IP and IB) (Santa Cruz Biotechnology). HRP-conjugated secondary antibodies were purchased from GE healthcare. FITC-conjugated and Alexa Fluor 633-conjugated secondary antibodies were obtained from Invitrogen. 4-␣-Phorbol 12,13-didecanoate (4-␣-PDD), MG132, and angiotensin II were purchased from Sigma. Sulfo-NHS-biotin and NeutrAvidin beads were from Pierce. The Fluo-4 NW calcium assay kit was purchased from Invitrogen.
Cell Culture and Transfection-HEK-293 cells were grown in regular minimum Eagle's medium supplemented with 10% FBS. Plasmid transfections and siRNA transfections were carried out essentially as described before (34 -38) . Isolation and culture of rat vascular smooth muscle cells (rVSMCs) has been described in detail previously (39) . Cells were incubated at 25°C for 8 -12 h before immunoprecipitation or confocal experiments.
Immunoprecipitation Experiments-Cells were stimulated with angiotensin or SII-angiotensin for an appropriate time interval and lysed using glycerol lysis buffer (37) . Subsequently, 1-3 mg of total cell lysate was used to immunoprecipitate the protein of interest with tumbling overnight in the cold room. Subsequently, the beads were washed three times (with 1 ml of lysis buffer each) and eluted with SDS-PAGE loading buffer. The proteins were separated on 4 -20% SDS-PAGE and used for Western blotting using appropriate antibodies.
Confocal Microscopy-Cells were fixed on conformal chambers using 6% formaldehyde for 15 min followed by permeabilization with 0.1-0.2% Triton X-100 for 20 min. After washing, the cells were incubated with an appropriate antibody overnight followed by incubation with secondary antibody. Confocal images were obtained on a Zeiss LSM510 laser scanning microscope using single line (488 nm) or multitrack sequential excitation (488 and 633 nm) and emission (515-540 nm, borondipyrromethene (BODIPY) fluorescein; 650 nm, Alexa Fluor 633) filter sets. The color for 488 nm excitation line was set as pseudo green, and the color for 633 nm excitation line was set as pseudo red. The merge of these two colors (pseudo green and pseudo red) yielded yellow when colocalization of two proteins occurred (see Fig. 1E ).
Surface Biotinylation Experiment-Cells were serum-starved for 2-4 h and subsequently stimulated with 1 M angiotensin for time point as mentioned in the legends for Figs. 1-5. Cells were washed three times with ice-cold PBS and incubated on ice for 30 min. 1 mM Sulfo-NHS-biotin was added to the cells and incubated for 1 h with mild shaking. The biotinylation reaction was stopped by using 1 mM glycine containing PBS for 15 min on ice. Cells were washed 3-5 times with ice-cold PBS and lysed using the lysis buffer. Immunoprecipitation of biotinylated proteins was performed as described earlier.
Ca 2ϩ Influx Assay-4-␣-PDD-induced Ca 2ϩ influx was essentially carried out as described in the Fluo-4 NW calcium assay kit manual (Invitrogen) (62) . The readings were recorded using the NovoStar multiwavelength plate reader (BMG Labtech). The Ca 2ϩ influx data are normalized with respect to a 4-␣-PDDinduced but angiotensin-non-stimulated sample (100%).
Ubiquitination Assay-For ubiquitination experiments, cells were serum-starved for 4 -6 h and incubated with 10 M MG132 for time intervals as mentioned in the legends for ␤-Arrestin 1 Down-regulates TRPV4
Figs. 1-5. Subsequently, the cells were stimulated with 0.1-1 M angiotensin for appropriate time points and lysed using the lysis buffer. TRPV4 was immunoprecipitated using anti-TRPV4 goat polyclonal antibody overnight, and subsequently, ubiquitinated proteins were detected using anti-ubiquitin mouse monoclonal antibody.
Densitometry and Statistical Analysis-The bands on the Western blots were quantified using the GeneTool software (Syngene Inc.) as per software guidelines, and data were incorporated in GraphPad for subsequent analysis. To calculate the -fold increase in the densitometry analysis, the data are normalized with respect to the non-stimulated sample (1 or 100%). The raw intensity values obtained by densitometry analysis for the non-stimulated sample after background correction were considered as "1-fold" or 100%. The raw intensity values for treated samples were divided by the raw values of the non-stimulated sample, and the number was represented as "-fold response" or "percentage of response." Statistical significance and p values in bar graphs were determined by one-way ANOVA with Bonferroni post test using the PRISM software as indicated in the legends for Figs. [1] [2] [3] [4] [5] . p values were calculated p value (*, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001) of Ͻ0.05 was considered statistically significant.
RESULTS

Identification and Validation of TRPV4 as an Interaction
Partner of ␤-Arrestin 1-We identified TRPV4 as a specific interaction partner of ␤-arrestins using a global interactomics analysis (11) . To further confirm this interaction and explore the regulatory outcome, we chose rVSMCs as our model system. These cells, isolated from rat aorta, endogenously express AT1aR, TRPV4, and ␤-arrestins and represent an excellent, physiologically relevant model system. First, we stimulated rVSMCs with angiotensin for different times, immunoprecipitated TRPV4, and subsequently detected ␤-arrestins by Western blot. As shown in Fig. 1 , A and B, angiotensin stimulation led to a robust but transient interaction between TRPV4 and ␤-arrestin 1. We also carried out a reciprocal immunoprecipitation experiment where we stimulated rVSMCs with angiotensin, immunoprecipitated ␤-arrestins, and detected TRPV4 by Western blot. Again, we observed a robust interaction between TRPV4 and ␤-arrestin 1 at the 2-min time point (Fig. 1 , C and D). rVSMCs express very low levels of ␤-arrestin 2, and ␤-arrestin 1 is the predominant isoform of ␤-arrestins in these cells. Thus, to confirm the specificity of interaction of TRPV4 with ␤-arrestin 1 versus ␤-arrestin 2, we used HEK-293 cells expressing endogenous ␤-arrestins 1 and 2 but transfected with HA-AT1aR and FLAG-TRPV4. Co-immunoprecipitation experiments revealed a selective interaction between TRPV4 and ␤-arrestin 1 that was transient in nature, similar to that observed in rVSMCs (supplemental Fig. S1 , A-D). These findings confirm our initial observation based on the proteomic screen that ␤-arrestin 1 and TRPV4 interact with each other upon activation of AT1aR and provide the first evidence of a direct link between TRPV4 and ␤-arrestins.
AT1aR and TRPV4 Interact with Each Other and Form a Multiprotein
Complex with ␤-Arrestin 1-Next, we asked whether AT1aR and TRPV4 are involved in a direct cross-talk.
As rVSMCs express very low levels (20 fmol/mg) of AT1aR, which is insufficient for coimmunoprecipitation, we transfected these cells with HA-AT1aR to probe a direct interaction between AT1aR and TRPV4. First, we immunostained AT1aR and TRPV4 and examined the localization of these two proteins by confocal microscopy. Both AT1aR and TRPV4 were expressed at the cell surface and exhibited clear colocalization indicating a potential interaction (Fig. 1E ). Subsequently, we immunoprecipitated either HA-AT1aR or endogenous TRPV4 and detected the respective partner by Western blotting. As shown in Fig. 1 , F and G, we detected a constitutive interaction between the AT1aR and TRPV4, and this interaction is not modulated by angiotensin stimulation during the time course examined in this experiment. We also observed a similar pattern of constitutive interaction of AT1aR and TRPV4 in HEK-293 cells (supplemental Fig. S2, A and B) . Taken together with the data presented in Fig. 1 , A-D, these findings establish the formation of a previously unsuspected multiprotein complex involving TRPV4, AT1aR, and ␤-arrestin 1 in response to angiotensin stimulation.
Angiotensin Stimulation Leads to Internalization and Functional Down-regulation of TRPV4-What are the functional outcomes of this physical interaction among TRPV4, AT1aR, and ␤-arrestin 1? One of the critical roles of ␤-arrestins that has emerged in the context of 7TMR regulation is their ability to support receptor internalization by recruiting a number of endocytotic proteins such as clathrin, AP2 (adaptor-related protein complex), N-ethylmaleimide-sensitive fusion protein, and ARF6 (ADP-ribosylation factor 6) (40). Thus, it is tempting to speculate that ␤-arrestin 1 might play a similar role in angiotensin-induced internalization of TRPV4. To test this hypothesis, we first examined whether TRPV4 undergoes internalization in response to angiotensin stimulation. We stimulated rVSMCs with angiotensin and examined the localization pattern of TRPV4 by confocal microscopy. As shown in Fig. 2A , TRPV4 was localized at the cell surface in non-stimulated cells, and stimulation by angiotensin led to robust internalization as evident by targeting of TRPV4 to intracellular vesicles. To further confirm this finding, we used a surface biotinylation assay to get a quantitative assessment of angiotensin-induced internalization of TRPV4. Again, in response to angiotensin stimulation for 1 h, we observed ϳ50% decrease in the cell surface TRPV4, indicating TRPV4 internalization (Fig. 2, B and C) . In yet another approach to confirm internalization of TRPV4 and to investigate whether internalization of TRPV4 translates into a functional down-regulation, we measured 4-␣-PDD-induced Ca 2ϩ influx in rVSMCs. 4-␣-PDD is a potent and specific agonist for TRPV4, which leads to robust Ca 2ϩ influx in cells expressing TRPV4. We treated the cells with either PBS or angiotensin for 1 h and subsequently measured 4-␣-PDD-induced Ca 2ϩ influx. As shown in Fig. 2D and supplemental To answer this question, we used two parallel approaches. First, we used a ␤-arrestin-biased agonist of AT1aR called SII-angiotensin to probe TRPV4 internalization. Similar to angiotensin, SII-angiotensin leads to recruitment of ␤-arrestin to the AT1aR. However, unlike angiotensin, SII-angiotensin selectively activates ␤-arrestin-dependent signaling without activating any detectable G protein-dependent signaling (41) . Thus, an effect elicited by both angiotensin and SIIangiotensin stimulation would suggest the potential involvement of ␤-arrestins. Indeed, we found that pretreatment with SII-angiotensin also results in a qualitatively and quantitatively similar decrease in 4-␣-PDD-induced Ca 2ϩ influx, suggesting a critical involvement of ␤-arrestins in TRPV4 internalization (Fig. 2D) . In a second approach, we used siRNA-directed knockdown of ␤-arrestins and measured its effect on TRPV4 internalization. As shown in Fig. 2E , knocking down ␤-arrestin 1, but not ␤-arrestin 2, blocks the effect of angiotensin prestimulation on 4-␣-PDD-induced Ca 2ϩ influx. Similarly, ␤-arrestin 1 knockdown, but not ␤-arrestin 2 knockdown, inhibits angiotensininduced internalization of TRPV4 as detected by surface biotinylation (Fig. 2, F and G) . These findings not only provide the first evidence of a critical role of ␤-arrestin 1 in angiotensin-induced internalization and down-regulation of TRPV4 but also imply that the physical interaction between TRPV4 and ␤-arrestin translates into a functional outcome. The cells transfected with ␤-arrestin 1 siRNA also exhibited lower 4-␣-PDD-induced Ca 2ϩ influx when compared with control A, rVSMCs were stimulated with angiotensin (1 M) for the indicated time points and coimmunoprecipitated using a goat polyclonal TRPV4 antibody. ␤-Arrestins were detected in the immunoprecipitate using rabbit polyclonal A1CT antibody. Blots were reprobed with rabbit anti-TRPV4 polyclonal antibody. B, quantification of coimmunoprecipitated ␤-arrestin (shown in panel A) by densitometry. Data are expressed as -fold over basal interaction detected between ␤-arrestin and TRPV4. C, rVSMCs were stimulated with angiotensin for the indicated time points and coimmunoprecipitated using rabbit polyclonal A1CT antibody. TRPV4 was detected in the immunoprecipitate using goat polyclonal anti-TRPV4 antibody. Blots were reprobed with goat anti-TRPV4 polyclonal antibody. D, quantification of coimmunoprecipitated TRPV4 (shown in panel C) by densitometry. Data are expressed as -fold over basal interaction detected between ␤-arrestin and TRPV4. Data presented in panels B and D show mean Ϯ S.E. from at least 3 independent experiments. E, colocalization analysis of AT1aR and TRPV4 by confocal microscopy. rVSMCs were transfected with HA-AT1aR, fixed, permeabilized, and immunostained using goat polyclonal anti-TRPV4 antibody (green) and a polyclonal rabbit anti-HA antibody (blue). F and G, interaction of AT1aR and TRPV4 in rVSMCs. F, rVSMCs were stimulated with angiotensin (1 M) for the indicated time points and subsequently coimmunoprecipitated using a goat polyclonal anti-TRPV4 antibody. AT1aR was detected in the immunoprecipitate using a rabbit polyclonal anti-HA antibody. Blots were reprobed with rabbit anti-TRPV4 polyclonal antibody. G, rVSMCs were stimulated with angiotensin for the indicated time points and coimmunoprecipitated using a mouse monoclonal anti-HA antibody, and TRPV4 was detected in the immunoprecipitate using a goat polyclonal anti-TRPV4 antibody. Representative blots and confocal images are shown from at least 3 independent experiments.
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siRNA-transfected (CTL) cells, which probably results from lower surface expression of TRPV4 in these cells.
Angiotensin Stimulation Promotes Ubiquitination of TRPV4, Which Requires ␤-Arrestin 1-What is the mechanism of angiotensin-induced and ␤-arrestin 1-dependent internalization of TRPV4? Ubiquitination and deubiquitination of membrane proteins are conserved mechanisms underlying the regulation of their surface expression. Thus, we first checked whether angiotensin stimulation results in ubiquitination of TRPV4 and whether ␤-arrestins are involved in this process. A, rVSMCs were stimulated with angiotensin (Ang) (1 M) for the indicated time period, fixed, permeabilized, and stained using goat polyclonal anti-TRPV4 antibody followed by Alexa Fluor 488-conjugated secondary antibody (green: TRPV4). B, HEK-293 cells expressing HA-AT1aR and FLAG-TRPV4 were stimulated with angiotensin for the indicated time points, and surface TRPV4 was labeled with NHS-S-S-biotin. The cells were lysed, immunoprecipitated using NeutrAvidin beads, and immunoblotted with a mouse monoclonal anti-FLAG antibody. C, densitometry analysis of angiotensin-induced TRPV4 internalization as measured by surface biotinylation (shown in panel B). Data are presented as the percentage of initial levels of TRPV4 at the cell surface and show mean Ϯ S.E. from at 3 independent experiments. D-F, involvement of ␤-arrestin 1 in TRPV4 internalization. D, 4-␣-PDD-induced Ca 2ϩ influx measured in HEK-293 cells. The cells were prestimulated with either angiotensin or SII-angiotensin (SII-Ang), and subsequently 4-␣-PDD-induced Ca 2ϩ influx was measured using the Fluo-4 NW calcium assay kit. The data are presented as the percentage of control cells, i.e. cells prestimulated with saline. NS, non-stimulated. E, 4-␣-PDD-induced Ca 2ϩ influx measured in HEK-293 cells after depletion of ␤-arrestin 1 (␤-arr 1) or ␤-arrestin 2 (␤-arr 2) using siRNA. CTL is control scrambled siRNA. F, angiotensin-induced internalization was measured in HEK-293 cells by surface biotinylation after depletion of ␤-arrestin 1 or 2 using siRNA using mouse monoclonal anti-FLAG antibody. Representative blots are shown from at least 3 independent experiments. G, densitometry analysis of angiotensin-induced internalization of TRPV4 (shown in panel F). Data are normalized with respect to the non-treated control siRNA sample (100%). The data presented in panels D-F show the mean Ϯ S.E. from 3-4 independent experiments, and the statistical analysis was carried out using one-way ANOVA with Bonferroni post test.
We pretreated rVSMCs with MG132 (to inhibit proteasomal degradation) followed by angiotensin stimulation and subsequent immunoprecipitation of TRPV4. Then, we probed the immunoprecipitated sample by Western blot using a ubiquitinspecific antibody (P4D1). As shown in Fig. 3 , A and B and supplemental Fig. S4, A and B , angiotensin stimulation promotes significant ubiquitination of TRPV4 in both rVSMCs and HEK-293 cells. These data demonstrate for the first time that activation of a 7TMR can lead to ubiquitination of an ion channel and underscore a previously unknown functional implication of the intricate networks of 7TMRs in the membrane. Moreover, stimulation by SII-angiotensin also promotes ubiquitination of TRPV4 to a similar extent as angiotensin, strongly indicating the involvement of ␤-arrestins in this process.
To further probe the involvement of ␤-arrestins in angiotensin-induced ubiquitination of TRPV4, we knocked down either ␤-arrestin 1 or ␤-arrestin 2 using siRNA and studied its effect on TRPV4 ubiquitination. As shown in Fig. 3 , C and D, knocking down ␤-arrestin 1 completely inhibits angiotensin-induced ubiquitination of TRPV4. Surprisingly, knocking down ␤-arrestin 2 led to an increase in angiotensin-induced ubiquitination of TRPV4. This reciprocal role of the ␤-arrestin isoforms, i.e. ␤-arrestins 1 and 2, in ubiquitination of TRPV4 highlights an intriguing example of functional antagonism/divergence of the two isoforms.
How do ␤-arrestins regulate angiotensin-induced ubiquitination of TRPV4? A novel aspect of ␤-arrestin functions that has emerged recently in the context of 7TMRs is their ability to bind and act as adaptors for E3 ubiquitin ligases (6). Thus, one possibility is that ␤-arrestin 1 serves as an adaptor for an E3 ubiquitin ligase required for TRPV4 ubiquitination. AIP4 (atrophin 1-interacting protein 4), a member of the HECT (homologous to E6-AP carboxyl terminus) family of ubiquitin ligases, was recently identified as the relevant ligase for TRPV4 ubiquitination (42) . AIP4 is a member of HECT family of E3 ubiquitin ligases where the ligase-substrate interaction is mediated by their WW domains and PPXY motif. However, TRPV4 does not contain a consensus PY motif, and therefore, it was proposed that an adaptor protein may facilitate the recruitment of AIP4 to TRPV4. Thus, to examine our hypothesis of ␤-arrestin 1 being an adaptor for AIP4, we first checked the interaction between ␤-arrestins and AIP4. Consistent with a previous report (42), we observed a constitutive interaction between ␤-arrestins and AIP4 (supplemental Fig. S5 ). The interaction of ␤-arrestins and AIP4 was not altered by angiotensin stimulation.
We next examined the effect of AIP4 knockdown on angiotensin-induced TRPV4 ubiquitination. As shown in Fig. 4 , A and B and supplemental Fig. S6 , knockdown of AIP4 in HEK-293 cells using three different siRNAs completely blocked angiotensin-induced ubiquitination of TRPV4, suggesting that AIP4 is required for angiotensin-induced ubiquitination of TRPV4. To check whether ␤-arrestin 1 acts as an adaptor for AIP4, we examined the interaction between TRPV4 and AIP4 in response to angiotensin stimulation. As shown in Fig. 4 , C and D, angiotensin stimulation promoted a significant interaction between TRPV4 and AIP4. Interestingly, this interaction between TRPV4 and AIP4 was dependent on the presence of 
␤-arrestin 1 as siRNA-mediated knockdown of ␤-arrestin 1 inhibits the angiotensin-induced increase in the interaction between TRPV4 and AIP4. Thus, our data identify ␤-arrestin 1 as a previously unknown adaptor linking AIP4 to the TRPV4 and provide the first demonstration that ␤-arrestins can act as E3 ligase adaptors for ion channels.
Angiotensin-induced Ubiquitination Does Not Promote Degradation but Is Required for Internalization of TRPV4-
The primary purpose of ubiquitination of proteins is proteasomal degradation to maintain an optimal level in the cells. Therefore, we checked whether angiotensin-induced TRPV4 ubiquitination enhances the rate or extent of its degradation. As shown in Fig. 5, A and B , incubation of HEK-293 cells with cycloheximide (to block new protein synthesis) led to a substantial decrease in the TRPV4 levels in the cells. However, the addition of angiotensin in addition to cycloheximide did not lead to any further decrease in TRPV4 levels in the cells. These data suggest that angiotensin-induced ubiquitination does not lead to TRPV4 degradation in these cells. We observed a similar pattern of TRPV4 degradation in rVSMCs.
So what role does angiotensininduced ubiquitination of TRPV4 play in its regulation? It has been proposed that in addition to directing proteins for proteasomal degradation, ubiquitination might also serve as a signal for non-degradative internalization of membrane proteins (43) . In fact, our observation that siRNA against ␤-arrestin 1, which inhibits TRPV4 ubiquitination, also blocks angiotensin-induced TRPV4 internalization provides an indication for such a possibility. To further confirm this, we investigated whether AIP4 knockdown blocks TRPV4 internalization. Again, we measured a 4-␣-PDD-induced Ca 2ϩ influx assay to test this possibility. As shown in Fig. 5C , after depletion of AIP4, angiotensin-induced internalization was completely blocked. These data, taken together with the data presented in Fig. 2 , conclusively demonstrate that angiotensin-induced ubiquitination of TRPV4 serves as a signal for its internalization but not its degradation.
DISCUSSION
Cross-talk between AT1aR and TRPV4-A direct or indirect communication among proteins in the cell membrane is an efficient mode of regulating cellular processes. Considering the diverse range of cellular events mediated by 7TMRs, it is not surprising that they form intricate networks of interactions in the membrane. In particular, communication between 7TMRs and ion channels is of great interest. Here, we report for the first time that the AT1aR and TRPV4 form a constitutive heterodimer in the membrane, and their interaction remains unchanged in response to angiotensin stimulation at least during the time course examined in this study. So what purpose does this constitutive interaction of AT1aR and TRPV4, or any other 7TMR with an ion channel, serve? One can envisage several possibilities. For example, the presence of such multiprotein complexes might ensure rapid responses to stimuli because the key players are already in close proximity, thus overcoming the requirement for lateral diffusion or the need to achieve a specific concentration of the components. Additionally, preassembled and localized signaling complexes with specific partners may reduce the nonspecific effects arising from random collision events and will be energetically more efficient for the cells. Although there exist some examples of heterodimer formation between ion channels and 7TMRs (44 -47), our data not only provide the first evidence of direct 1 m) for 1 h. Subsequently, the cells were lysed and immunoprecipitated with TRPV4 antibody followed by Western blot using anti-ubiquitin antibody. The blots were reprobed with anti-TRPV4 antibody, and lysate was probed with anti-AIP4 antibody. CTL, control siRNA; Ub, ubiquitin. B, densitometry analysis of angiotensin-induced TRPV4 ubiquitination (shown in panel A). Data are presented as -fold increase over the basal ubiquitination of TRPV4. C, HEK-293 cells expressing AT1aR and TRPV4 were transfected with either control or siRNA against ␤-arrestin 1 (␤-arr). Cells were stimulated with angiotensin (0.1 m) for 2 min. Subsequently, the cells were lysed and immunoprecipitated with AIP4 antibody followed by Western blot using anti-TRPV4 antibody. The blots were reprobed with anti-AIP4 antibody, and lysate was probed with anti-TRPV4 and anti-AIP4 antibody. D, densitometry analysis of angiotensininduced coimmunoprecipitation of TRPV4 and AIP4 (shown in panel C). Data are presented as -fold increase over the basal interaction between TRPV4 and AIP4. Representative blots are shown from at 3 independent experiments, and the data presented as bar graphs show mean Ϯ S.E. from at least 3 independent experiments. Statistical analysis was carried out using one-way ANOVA with Bonferroni post test.
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cross-talk between AT1aR and TRPV4 but also report the first example of formation of a multiprotein complex involving ␤-arrestins, a 7TMR, and a TRP channel. The findings described here clearly indicate that assembly of multiprotein complexes around 7TMRs can be a general mechanism to mediate efficient signaling and to exert precise control over their function via formation of localized signaling domains.
Expanding Network of ␤-Arrestin Interactions Includes TRPV4-Since the original discovery of ␤-arrestins in the context of 7TMR desensitization, the list of ␤-arrestin-interacting proteins has grown rapidly. ␤-Arrestins are now well known to interact with proteins involved in clathrin-coated endocytosis to support 7TMR internalization, to scaffold a number of MAP kinases to mediate G protein-independent signaling, and to act as adaptors for E3 ubiquitin ligases to promote ubiquitination of 7TMRs (40) . Interestingly, in contrast to the original assumption that ␤-arrestins evolved solely to regulate 7TMRs, we identify a novel functional link between ␤-arrestins and an ion channel. We report that ␤-arrestin 1 interacts with TRPV4 and fine-tunes the level of functional TRPV4 at the cell surface. This represents an entirely novel mechanism to exert precise control over TRPV4-mediated Ca 2ϩ influx in cells to avoid the unwanted consequences of excessive Ca 2ϩ signaling. Moreover, this finding also suggests that the functional capabilities of ␤-arrestins might be much broader than currently anticipated.
Critical Involvement of ␤-Arrestins in Ubiquitination of TRPV4-The very first indication of any involvement of ␤-arrestins in ubiquitination of any membrane protein was reported in the context of the human ␤2AR, a 7TMR (48) . Isoproterenol stimulation led to robust ubiquitination of the ␤2AR in wild type mouse embryonic fibroblasts but not in ␤-arrestin 2-null mouse embryonic fibroblasts, suggesting a potential role of ␤-arrestin 2 in this process. It was proposed that ␤-arrestin 2 can act as an adaptor for an E3 ubiquitin ligase required for ubiquitination of ␤2AR. Although the specific E3 ligase for ␤2AR was not known at that time, it was subsequently found that ␤-arrestin 2 indeed acts as an adaptor for an E3 ubiquitin ligase Nedd 4 to promote ␤2AR ubiquitination and degradation (35) . Since then, a critical requirement of ␤-arrestins in ubiquitination and degradation of several 7TMRs has been reported (49) . Here, we report the first example of involvement of ␤-arrestin 1 in ubiquitination of an ion channel, TRPV4. Moreover, our data also demonstrate that ␤-arrestin 1 acts as an adaptor for the E3 ubiquitin ligase, AIP4, to facilitate TRPV4 ubiquitination and thus identify ␤-arrestin 1 as a previously unknown adaptor linking AIP4 to the TRPV4. However, unlike 7TMRs, ␤-arrestin 1-mediated ubiquitination of TRPV4 does not result in degradation of TRPV4. Thus, our findings are also unique in the sense that in this case, ␤-arrestins are involved in promoting non-degradative ubiquitination of the target protein. It is intriguing that the E3 ubiquitin ligase adaptor function of ␤-arrestin 1 for TRPV4 is analogous to that reported for 7TMRs, and therefore, highlights an evolutionarily conserved principle. These data also suggest that some of the paradigms originally discovered for 7TMRs, and anticipated to be functional solely for 7TMRs, might be applicable to other integral membrane proteins, and therefore, provide hints at novel regulatory mechanisms implicated more generally in cellular signaling. Interestingly, this emerging adaptor function of ␤-arrestins appears to be operative not only in mammalian cells (50, 51) but also in Drosophila (52) and in yeast (53, 54) . Our findings raise the interesting possibility that ␤-arrestins can be global mediators of ubiquitination of ion channels and transporters, and therefore, open up a new avenue of research in this rapidly evolving area. It should be noted that ␤-arrestins may not necessarily act as E3 ligase adaptors in every case but might also influence the process of ubiquitination in other ways such as acting as E2 ubiquitin-conjugating enzyme adaptors or through downstream signaling events.
A somewhat unexpected observation in this study was the increased ubiquitination of TRPV4 upon ␤-arrestin 2 knockdown. A similar reciprocal effect of ␤-arrestins 1 and 2 was reported for AT1aR-mediated activation of extracellular signal-regulated kinases 1 and 2 (ERK1/2) (55). In transfected HEK-293 cells, ␤-arrestin 1 knockdown increased the levels of activated ERK1/2, whereas ␤-arrestin 2 knockdown decreased (or completely abolished) the levels of activated ERK1/2. It was proposed that ␤-arrestin 1 is much weaker than ␤-arrestin 2 in scaffolding the ERK activation cascade. As both ␤-arrestin isoforms (1 and 2) appear to bind AT1aR with similar affinity, at physiological levels, ␤-arrestin 1 competitively inhibits the amount of ␤-arrestin 2 recruited to the activated receptor. Knocking down ␤-arrestin 1 leads to increased recruitment of ␤-arrestin 2 and in turn results in higher levels of activated ERK1/2. A similar mechanism might explain the increased ubiquitination of TRPV4 upon ␤-arrestin 2 knockdown. Thus, it is plausible that lowering the levels of ␤-arrestin 2 by siRNA results in quantitative increase in ␤-arrestin 1 recruitment to the AT1aR-TRPV4 complex, which in turn results in increased ubiquitination of TRPV4.
A Potential Global Role of ␤-Arrestins in Regulation of Ion Channels and Its Physiological Implications-
Since their discovery in the context of G protein-coupled receptor desensitization, the repertoire of functions that ␤-arrestins can perform has increased tremendously. Not only can ␤-arrestins mediate G protein-independent signaling, but several of the paradigms originally discovered with reference to 7TMRs appear to be applicable to other receptor systems. Even more intriguing is the involvement of ␤-arrestins in the regulation of non-receptor membrane proteins such as ion channels and transporters. Our studies establish a functional link between ␤-arrestin 1 and TRPV4 and provide a novel mechanism for regulation of TRPV4 (a schematic representation is shown in Fig. 6 ). It is possible that ␤-arrestins interact with and play a similar role in regulation of other TRP channels as described here for TRPV4. However, it would not be surprising if there exist other mechanisms through which ␤-arrestins can regulate other members of the TRP channel family. Interestingly, we have also identified a number of other ion channels such as the cyclic nucleotidegated ion channel (CNGA3), the nuclear chloride channel 27, the potassium channel Kv␤1, and the nucleotide-sensitive chloride channel 1A in our ␤-arrestin interactomics screen (11) . Moreover, there are also some reports of potential involvement of ␤-arrestins in the regulation of other ion channels (56 -59) . Thus, our data, taken together with the previous findings, strongly suggest a new paradigm in which ␤-arrestins interact with and regulate ion channels and transporters in the cell. These data also indicate that ␤-arrestins play broader roles in promoting the endocytosis of integral plasma membrane proteins than previously suspected.
An appropriate balance of different ions inside the cells is extremely important for various cellular and physiological processes. Perturbation of proper functioning and tight regulation of ion channels may disturb the balance of various ions in the cells, and this can lead to various disease conditions. In particular, a variety of cellular signaling pathways depend on Ca 2ϩ , and therefore, a precise control of Ca 2ϩ concentrations in the cells is required. Thus, it is tempting to speculate that by interacting with ion channels and maintaining appropriate levels at the cell surface, ␤-arrestins might play a crucial role in avoiding ionic imbalance in the cells. For example, myocardial apoptosis has been proposed to be a major contributing factor in heart failure in animal models and in human subjects. Although apoptosis can be triggered by a number of different stimulants, elevated intracellular Ca 2ϩ is believed to be a key initiator of apoptotic signaling (60) . It is interesting that ␤-arrestin-depen- ␤-Arrestin 1 Down-regulates TRPV4 SEPTEMBER 24, 2010 • VOLUME 285 • NUMBER 39 dent signaling has been described to be cardioprotective under conditions of chronic catecholamine stress (61) . One mechanism underlying this cardioprotective effect of ␤-arrestins appears to be ␤-arrestin-dependent transactivation of the EGF receptor (61) . However, our data describe another novel mechanism, i.e. fine-tuning of the levels of TRP channels in the plasma membrane to maintain a balance of intracellular Ca 2ϩ levels. Moreover, 7TMR-dependent regulation of ion channels via ␤-arrestin-dependent mechanisms also has potential for designing novel 7TMR ligands to modulate the function of ion channels, thereby addressing channelopathies.
In conclusion, our data provide the first evidence of ␤-arrestin interaction with TRPV4 and describe a novel regulatory mechanism governing the functional down-regulation of TRPV4. Moreover, our findings also suggest that some of the paradigms originally discovered for 7TMRs might also be applicable to other receptor systems, ion channels, and transporters.
